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Abstract: Yardangs are typical aeolian erosion landforms, which are attracting more and more attention of 
geomorphologists and geologists for their various morphology and enigmatic formation mechanisms. In 
order to clarify the aeolian environments that influence the development of long-ridge yardangs in the 
northwestern Qaidam Basin of China, the present research investigated the winds by installing wind 
observation tower in the field. We found that the sand-driving winds mainly blow from the north-northwest, 
northwest and north, and occur the most frequent in summer, because the high temperature increases 
atmospheric instability and leads to downward momentum transfer and active local convection during these 
months. The annual drift potential and the ratio of resultant drift potential indicate that the study area 
pertains to a high-energy wind environment and a narrow unimodal wind regime. The wind energy decreases 
from northwest to southeast in the Qaidam Basin, with the northerly winds in the northwestern basin 
changing to more westerly in the southeastern basin. The strong and unidirectional wind regime for the 
long-ridge yardangs in the northwestern Qaidam Basin results from the combined effects of topographic 
obstacles such as the Altun Mountains and of the interaction between the air stream and the yardang bodies. 
Present study suggests that yardang evolution needs such strong and unidirectional winds in high- or 
intermediate-energy wind environments. This differs from sandy deserts or sandy lands, which usually 
develop at low- or intermediate-energy wind environments. Present study clarifies the wind regime 
corresponding to the long-ridge yardangs' development, and lays firm foundation to put forward the 
formation mechanisms for yardangs in the Qaidam Basin. 
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1 Introduction 


Yardang is a Uyghur word introduced by Hedin (1903) to define the streamlined hills carved from 
bedrock or from consolidated or semi-consolidated materials by wind erosion (Ward and Greeley, 
1984; Dong et al., 2012a). It is a typical aeolian erosion landform that is widespread in arid and 
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semi-arid regions, such as the Qaidam Basin and Taklimakan Desert in China (Xia, 1987; Li et al., 
2016a), the Gobi Desert in Mongolia (Ritley and Erdennebat, 2004), the Lut Desert in Iran 
(Alavipanah et al., 2007; Ehsani and Quiel, 2008), the Um Al-Rimam depression in northern 
Kuwait (Al-Dousari et al., 2009), the Western Desert in Egypt (Breed et al., 1979; Grolier et al., 
1980), the Bodélé Depression in Chad (Bristow et al., 2009), the Ebro Depression in northeastern 
Spain (Gutiérrez-Elorza et al., 2002), the Rogers Dry Lake in the USA (Ward and Greeley, 1984) 
and the western coastal desert in South America (Inbar and Risso, 2001; de Silva et al., 2010), as 
well as the regions on Mars and Venus (Ward, 1977; Trego, 1990, 1992; Greeley et al., 1995; 
Bridges et al., 2010; Zimbelman and Griffin, 2010), and possibly on Titan (Paillou et al., 2016). 
Comparative researches on terrestrial yardangs and their Martian counterparts have become 
increasingly popular in recent years (de Silva et al., 2010; Zimbelman and Griffin, 2010; Wang et 
al., 2018). Yardangs bear rich information on their Martian aeolian history and provide important 
insights into geomorphic development of the Martian surface (Laity, 2009). Though yardangs are 
found at the margin of most major deserts around the world, they nevertheless cover only a small 
percentage of Earth's land surface. 

There are still much dispute remains to be determined about the formation mechanisms of 
yanrdangs (Laity, 2009). Yardangs are sculpted by a combination of aeolian erosion, fluvial erosion, 
weathering, mass movement and corrosion (Laity, 2009; Dong et al., 2012a). Aeolian erosion 
includes abrasion and deflation, of which abrasion by saltating sand particles is probably the 
dominant process in the formation of yardangs (Goudie, 2007). Although suspended particles have 
relatively low kinetic energy, they can reach significant heights above the ground surface and also 
play an important role in sculpting yardangs (Dong et al., 2012a). Deflation of loose sediments 
caused by aeolian abrasion and weathering can expose new rock surfaces to further abrasion and 
accelerating yardang formation. And deflation may play a particularly important role in poorly 
indurated lacustrine material (Laity, 2009, 2011). The role of fluvial erosion in sculpting yardangs 
has long been noticed by geographers, who attributed the formation of yardangs to initial erosion 
by running water, followed by wind erosion (Hedin, 1903; Xia, 1987). Physical weathering caused 
by dramatic temperature variations in arid and hyper-arid regions creates fractures on the rock 
surface, which facilitate subsequent action of exogenous forces. Aeolian abrasion and fluvial 
erosion of underlying soft and loose sediments can lead to collapse of the overlying strata. Yardang 
sediments are usually bonded tightly by salts and form a hard crust that is resistant to wind erosion. 
However, rainfall and running water can dissolve the salts and disintegrate the crust. The greater 
the salt content, the more significant the corrosion (Dong et al., 2012a). In practice, different 
combinations of these processes may operate together in different environments. 

The yardang fields of Qaidam Basin is the largest and is with the highest elevation in China 
(Kapp et al., 2011). Fan (1962) studied the landforms near Lenghu town in the northern Qaidam 
Basin and identified three types of yardangs: pyramid, long-ridge and streamlined whaleback. 
Following this work, Halimov and Fezer (1989) further classified yardangs into eight types and 
proposed a comprehensive evolutionary sequence for yardangs in the Qaidam Basin based on the 
factors that control their evolution during different stages. Wang et al. (2011) constructed a model 
for evaluating the abrasion rate of yardangs in the western Qaidam Basin and found that the rate 
ranged from 0.011 to 0.398 mm/a between 1986 and 2010, which was much smaller than the 
yardangs in the Lop Nor Region (Xia, 1987), but agreed with the bedrock incision rate calculated 
by the cosmogenic !°Be method in the Qaidam Basin (Rohrmann et al., 2013). Li and Dong (2011) 
and Li et al. (2012, 2013, 2016a) investigated the sediment characteristics, wind regime, 
distribution and morphological characteristics of yardangs in the Qaidam Basin. These studies 
discussed the aeolian environments and the other factors influencing the development of yardangs 
in the Qaidam Basin. 

However, these studies covered only a small portion of the Qaidam Basin. Hu et al. (2017) 
studied the yardang geometries throughout the western Qaidam Basin and discussed the potential 
geologic, topographic and wind regime factors responsible for the morphological variability. Zhao 
et al. (2018) proposed an integrated approach to automatically extract yardangs from satellite 
images and performed spatial analysis of yardangs throughout the basin. They found that most 
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yardangs had developed near anticlines and in Pliocene strata. Mao et al. (2018) synthetically 
investigated the origins of semi-submerged yardangs near the Duck Lake area of the basin. Wang 
et al. (2018) comprehensively demonstrated the classification, distribution, morphometry and 
evolution of yardangs throughout the basin and compared them with yardangs on Mars. Based on 
the orientation of yardangs and dunes, Wu et al. (2018) reconstructed the palaeo-wind regime 
during the Late Holocene in the Qaidam Basin and found that the yardangs and dunes in the eastern 
basin represented the westerly during the Last Glacial Maximum, while the aeolian landforms in 
the central and western part represented the northwesterly Asian winter monsoon. 

As a typical aeolian erosion landform, wind plays an important role in the development of 
yardangs. The goal of present study is to clarify the aeolian environments that affect the 
development of long-ridge yardangs in the northwestern Qaidam Basin. In order to demonstrate the 
influence of wind regime variation to the formation of aeolian landforms, this paper compares the 
wind regimes in the northwestern, central-southern, and southeastern Qaidam Basin and the 
corresponding aeolian landforms. 


2 Materials and methods 


2.1 Study area 


The Qaidam Basin, which covers an area of 12x104 km”, is the largest sedimentary Cenozoic and 
intermontane basin on the northeastern Tibetan Plateau. It is enclosed by the Altun Mountains in 
the northwest, Qilian Mountains in the northeast, the Qimantag Mountains in the southwest and 
Kunlun Mountains in the southeast. The elevations of these mountains reach 4000 to 5000 m a.s.1., 
versus 2800 m a.s.l. for the interior of the basin (Fig. la). The Cenozoic sediments from the 
surrounding mountains have formed deposits as thick as 12 km, mostly in the form of alluvial- 
fluviolacustrine-playa facies (Xia et al., 2001). These sediments have been reworked by wind to 
form vast yardang fields, gravel deserts (gobis), playas and salt crusts, saline lakes and salt marshes, 
and dune fields widely distributed throughout the basin (Li et al., 2015, 2016b). The basin is 
characterized by a convergent drainage system pattern, with rivers that originate from the 
surrounding mountains and feed saline lakes in the central basin. The basin is characterized by a 
hyper-arid climate, with mean annual precipitation ranging from 100 mm in the southeast to less 
than 20 mm in the northwest. But the potential mean annual evaporation is much greater in the 
Qaidam Basin, which can achieve 2000-2500 mm in the southeastern part and exceed 3000 mm in 
the northwestern part. The mean annual precipitation at Lenghu town is 15.8 mm, and the mean 
annual gale days (wind speed >17 m/s at 10 m above ground surface) are 55 d during 1957—2000, 
with the annual dust storm days range between 3—16 d during the corresponding years (Qiang et 
al., 2007). 

In the present study, we focused on the northwestern Qaidam Basin near Lenghu town (Fig. 1a). 
The typical long-ridge yardangs distributed in this region are bounded on the west and east by the 
Chahansilatu and Kunteyi playas and on the north by the Eboliang anticline (Fig. 1b). The playas 
consist mainly of late Pleistocene to Holocene sediments, whereas the top parts of the Eboliang 
anticline consist of late-Pliocene to early-Quaternary strata that are mostly siltstone and calcareous 
mudstone and marl, intercalated with gypsum and salt beds (Tuo and Philp, 2003). The orientation 
of the long-ridge yardangs is nearly NNW (north-northwest)-SSE (south-southeast), with the 
longest ridges running more than | km and parallel with each other (Li et al., 2016a; Fig. 1b). 

However, a transection through the inter-yardang corridor shows distinctive morphology 
surrounding WT01, a wind tower installed about 30 km west of Lenghu town which can 
automatically record the wind speed and direction of the field. The long-ridge yardangs are only 2— 
3 m tall and the inter-yardang corridors are V-shaped, with slopes of 40°—50° on the flanks (Fig. 
2a) in the north of WT01. The inter-yardang corridors are much shallower and free of loose detrital 
sediments. South of WTO1, severe incision and lateral erosion of the yardangs have occurred, 
creating inter-yardang corridors with a deep U-shape (Fig. 2b). The yardang height can attain 6—7 
m, and the inter-yardang corridors often contain layers of aeolian sands. 
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Fig. 1 (a) Location and physiographic setting of the Qaidam Basin, and the location of wind observation tower 
and yardangs; (b) Google Earth image of the landforms surrounding wind tower WTO1; (c) The ground surface 
characteristics surrounding the wind observation tower WT01 (38°37'13"N, 92°56'57”E). 


Fig. 2. Yardangs on the (a) upwind (north) and (b) downwind (south) direction of wind tower WTO1. Note that 
the cross-section of the inter-yardang corridors in the upwind direction shows a V-shape, versus a U-shape in the 
downwind direction. Upwind, the corridors are largely free of loose sediments, whereas aeolian sands are common 
in the downwind corridors. 
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2.2 Wind data collection and analysis 


To obtain the wind regime data, we installed a Windsonic 2-axis ultrasonic anemometer (Gill 
Instruments, UK; WT01) on a mast 2 m above the ground. This instrument can automatically record 
the wind speed and direction at 10-min intervals. Data were stored in a CR300 data logger 
(Campbell Scientific, Inc., Canada). The ground surface surrounding the wind tower WT01 is flat 
(Fig. 1c), in accordance with China's national standards for meteorological station installation. The 
wind speed measured at 2 m above the ground was transformed to the speed at 10 m above the 
ground using Equation 1 (Dong et al., 2012b): 


U,)=0.17 +1.08U, , (1) 


where Uio and U2 are the wind velocities measured at 10 and 2 m (in knots) above the ground, 
respectively. The correlation coefficient was R?=1.00 at a significance level of P<0.01. Among all 
winds, only sand driving winds (i.e., winds that exceed the threshold wind speed) are effective in 
shaping aeolian landforms. The threshold of wind speed for entrainment of local sediments was 6 
m/s at the height of 10 m. We used wind data from December 2017 to November 2018 to calculate 
the drift potential (DP) and associated parameters according to Fryberger and Dean (1979), and 
Pearce and Walker's (2005) modified wind speed classes. 


DP=U,, U,,-U,)t, (2) 
RDD = Arctan(C/ D), (3) 
C=) \(VU)sin(@) , (4) 
D=) (VU)cos(6), (5) 
RDP = VC’ +D , (6) 


where DP is expressed in vector units (VU); Uo is the 10-min average wind speed at a height of 
10 m (in knots); U; is the threshold wind speed at the same height as Uio (in knots); ¢ is the 
proportion of the time during which the wind speed is greater than the threshold speed; RDD is the 
resultant drift direction, which represents the net sand drift direction based on winds from these 16 
compass directions (°); 0 is the mid-point of orientation classes (°); and RDP is the resultant drift 
potential (VU), which expresses the net DP from 16 compass directions. 

RDP/DP represents the directional variability. To compare wind regimes and their impact on 
aeolian landform development, we used data from the WT02 station (38°08'09"N, 95°06'42"E; Fig. 
la), which was on the northern margin of Dabsan Lake and characterized by typical whaleback 
yardangs. The data for that station were obtained from Li et al. (2013). 


3 Results 


3.1 Wind direction and speed 


The long-ridge yardang field in the northwestern Qaidam Basin was dominated by NNW and NW 
(northwest) winds, which accounted for 43.13% and 18.00% of the annual total wind records, 
respectively. Northerly winds are in the third place, with 9.01% of the total. Winds from the other 
directions accounted for less than 30% of the total, with almost all of these winds below the 
threshold wind speed. Therefore, the sand-driving winds in the study area are mainly from the 
NNW, NW and N (north) directions, which combined account for 99.21% of the annual total sand- 
driving winds (Fig. 3). 

The monthly average wind speed in the study area was 4.82 m/s, with a maximum of 6.73 m/s 
in August and a minimum of 2.52 m/s in December. The monthly average wind speed is much 
smaller in winter, and increases during the spring until it attains a maximum in summer, then 
decreases gradually in autumn. The monthly maximum wind speed ranges from 16.51 to 20.45 m/s, 
with a mean of 18.17 m/s. The variation of the monthly maximum wind speed differs from that of 
the monthly average wind speed, with the maximum value in November, and the minimum value 
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in September. The frequency of sand-driving winds shows similar variation to the monthly average 
wind speed, with a minimum frequency of 1.57% in December and gradually increasing in spring 
to reach a maximum of 14.47% in August, then gradually decreasing in autumn (Fig. 4). The high 
frequency of sand-driving winds in summer can be attributed to the high temperatures during the 
months, which can increase atmospheric instability and lead to downward momentum transfer and 
active local convection (Li, 2003). 
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Fig. 4 Monthly maximum and average wind speeds and monthly frequency of sand-driving winds 


3.2 Drift potential 


Table 1 summarizes the characteristics of the wind regime in the Fryberger and Dean (1979) system. 
Corresponding to the variation of the sand-driving winds, DP and RDP are the largest in summer, 
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reaching 479.73 and 475.03 VU, respectively. DP and RDP are slightly smaller in spring than in 
summer, with values of 409.57 and 404.55 VU, respectively. DP and RDP are much smaller in 
autumn and winter than in spring and summer (Fig. 5). The annual DP and RDP totaled 1246.05 
and 1231.86 VU, respectively, which are probably the largest values reported in Chinese desert 
regions. Both indicate a high-energy wind environment. The annual RDD for the study region 
changes little among seasons and remains around 156.00° (SSE). RDP/DP is close to 1 in all 
seasons, which represents a narrow unimodal wind regime (Fig. 6). To clarify the role of this wind 
regime in formation and evolution of the long-ridge yardangs, we manually measured the 
orientation of 425 yardangs in Google Earth images of our study area (Fig. 6). This analysis shows 
that the orientation of the long-ridge yardangs closely parallels with the RDD, which indicates that 
wind is likely to be the dominant exogenous agent responsible for sculpting of the yardangs. 


Table 1 Classification of wind energy environments using the system of Fryberger and Dean (1979) 


DP (VU) Wind energy environment RDP/DP Directional variability Probable wind regime 
<200 Low <0.3 High Complex or obtuse bimodal 

200—400 Intermediate 0.3-0.8 Intermediate Obtuse or acute bimodal 
>400 High >0.8 Low Wide or narrow unimodal 


Note: DP, drift potential; RDP, resultant drift potential; RDP/DP, directional variability. 


(a) Winter N (b) Spring N 


160 


DP=137.46 VU DP=409.57 VU 
RDP=135.48 VU RDP=404.55 VU 
RDD=155.38° RDD=155,53° 
RDP/DP=0.99 RDP/DP=0.99 


(c) Summer 


DP=479.73 VU 
RDP=475.03 VU 
RDD=156.61° 
RDP/DP=0.99 


DP=219.30 VU 
RDP=216.85 VU 
RDD=155.92° 
RDP/DP=0.99 


S S 


Fig. 5 Seasonal drift potential (DP) and related parameters for the long-ridge yardangs. RDP, resultant drift 
potential; RDD, resultant drift direction; RDP/DP, directional variability. The solid arrow indicate the RDD. 
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Fig. 6 Annual DP and related parameters for the long-ridge yardangs. The solid arrow indicates RDD, and the 
dotted arrow indicates the average orientation of the long-ridge yardangs determined from Google Earth images. 


4 Discussion 


The long-ridge yardangs in the northwestern Qaidam Basin formed under a narrow unimodal wind 
regime, with the effective winds mainly blowing from the NNW (Fig. 7a). Compared with the long- 
ridge yardangs, typical whaleback yardangs at the northern margin of Dabsan Lake in the central- 


Fig. 7 Google Earth images of the major aeolian landforms in the Qaidam Basin. The solid black arrow indicate 
the prevailing wind direction, and the dashed white arrow indicates a secondary wind direction inferred from the 
aeolian landforms. (a), Long-ridge yardangs at 38°35'11"N, 92°57'07"E; (b), Whale-back yardangs accompanied 
by barchan dunes at 37°11'44"N, 95°09'47"E; (c), Linear dunes at 37°07'19"N, 95°20'52”E; and (d), Dune networks 
at 36°20'41"N, 97°47'26"E. 
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south Qaidam Basin (Fig. 1a) evolved under an intermediate-energy wind environment with a wide 
unimodal wind regime. The barchan dunes downwind of the typical whaleback yardangs developed 
under an intermediate-energy wind environment with a narrow unimodal wind regime (Fig. 7b; Li 
et al., 2013). The linear dunes in the same area also formed under an intermediate-energy wind 
environment, but with a wide unimodal wind regime (Fig. 7c; Bao et al., 2015). Therefore, wind 
energy in the Qaidam Basin decreases from the northwest to the central-south, with a transition 
from high to intermediate. Under the influence of the topography surrounding the basin, the N 
winds in the northwestern basin gradually turn towards W winds in the central-southern basin, 
leading to a transition from a narrow unimodal wind regime to a wide unimodal wind regime. At 
the southeastern edge of the Qaidam Basin, where SW (southwest) winds arise, a large area of 
network dune fields has formed (Fig. 7d). Hence, with the wind regime complexity increases from 
the central-southern to southeastern Qaidam Basin, the corresponding dune forms are transformed 
from simple barchan and linear dunes to compound network dunes. 

Table 2 compares the wind regime of the long-ridge yardangs in the northwestern Qaidam Basin 
in the present study with the wind regimes in other regions where yardangs or other aeolian 
landforms exist. Except the Bayan Nur in the Badain Jaran Desert, which pertains to a high-energy 
wind environment, the other compared regions all have an intermediate- or low-energy wind 
environment, which agrees with Lancaster (2013), who reported that the world's major sand seas 
have low-energy wind environments. In addition, most of these compared regions have bimodal or 


Table 2 Wind regime of Qaidam Basin and other desert regions in northern China 


Location DP (VU) WE RDP (VU) RDD (°) RDP/DP DC Reference 
WTO1 ee 1246.05 High 1231.86 156.00 0.99 Narrow unimodal Present study 
WT02 SE Qaidam Basin 326.00 Intermediate 235.00 110.14 0.72 Wide unimodal Li et al. (2013) 
Kumtag Northern 363.35 Intermediate 192.37 215.00 0.53 Obtuse bimodal Dong et al. (2012b) 
Desert Western 216.96 Intermediate 83.72 220.00 0.39 Obtuse bimodal Dong et al. (2012b) 
Southern 162.39 Low 94.67 153.00 0.58 Obtuse bimodal Dong et al. (2012b) 
Eastern 232.72 Intermediate 127.78 115.00 0.55 Complex Dong et al. (2012b) 
Badain Jaran Ejin Banner 90.60 Low 68.50 117.30 0.76 Obtuse bimodal Zhang et al. (2015a) 
Desert Dingxin 116.40 Low 65.20 153.90 0.56 Obtuse bimodal Zhang et al. (2015a) 
ae Nie 286.30 Intermediate 161.00 310.60 0.56 Obtuse bimodal Zhang et al. (2015a) 
Bayan Nur 448.20 High 275.60 121.60 0.61 Complex Zhang et al. (2015a) 
Tengger Shapotou 357.43 Intermediate 164.42 134.19 0.46 Obtuse bimodal Zhang et al. (2008) 
Desert Jiahe 195.14 Low 118.94 102.00 0.62 Acute bimodal Zhang et al. (2015b) 
Wujiajing 37.91 Low 34.98 143.00 0.93 Narrow unimodal Zhang et al. (2015b) 
Gurbantunggut Central 66.70 Low 25.70 197.00 0.39 Complex Guo et al. (2011) 
Desert Southern 29.80 Low 16.30 108.40 0.55 Obtuse bimodal Guo et al. (2011) 
Taklamakan Kuqa 34.80 Low 15.00 193.40 0.43 Complex Zu et al. (2005) 
Desert Markit 43.20 Low 27.40 164.60 0.63 Acute bimodal Zu et al. (2005) 
Hotan 44.10 Low 40.50 102.80 0.92 Narrow unimodal Zu et al. (2005) 
Tikanlik 95.60 Low 89.60 246.50 0.94 Narrow unimodal Zu et al. (2005) 
Ruogiang 399.00 Intermediate 319.00 235.90 0.80 Narrow unimodal Zu et al. (2005) 
Tazhong 114.50 Low 67.00 231.50 0.59  Acutebimodal Zu et al. (2005) 
Hulun Buir Sandy Land 279.10 Intermediate 161.20 148.30 0.58 Obtuse bimodal bee o 
Horgin Sandy Land 70.50 Low 37.89 108.30 0.54 Obtuse bimodal Yang et al. (2016) 
Mu Us Sandy Land 66.75 Low 34.04 146.00 0.51 Obtuse bimodal Pang et al. (2019) 


Note: DP, drift potential; WE, wind energy; RDP, resultant drift potential; RDD, resultant drift direction; RDP/DP, directional variability; 
DC, direction category. 
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complex wind regimes. The distinctive difference of wind regimes between the long-ridge yardangs 
and the compared regions also suggests that yardang formation requires strong and unidirectional 
winds (Goudie, 2007). Strong winds from the Tarim Basin and Kumtagh Desert overflowed the 
passing aisle in the Altun Mountains and later descend to form an extremely dry foehn when they 
enter the Qaidam Basin (Halimov and Fezer, 1989). This descending wind sculpted the initial 
pluvial-alluvial plains and playa surfaces of our study area, and gradually sculpted the large long- 
ridge yardang fields in the northwestern Qaidam Basin. Subsequently, the interaction between the 
wind and the long-ridge yardangs created a funneling effect that both concentrated and strengthened 
the air stream in the inter-yardang corridors. This would have caused RDP/DP to evolve towards 
the value of 1.00. 


5 Conclusions 


In this study, we analyzed the wind regime (speed and direction) for long-ridge yardangs in the 
northwestern Qaidam Basin and compared it with the other regions. We found that the sand-driving 
winds mainly blew from the NNW, NW and N directions, and were the severest in summer and 
spring. Annual DP and RDP/DP indicate that the study area pertains to an extremely high-energy 
wind environment and a narrow unimodal wind regime. The strong and unidirectional wind regime 
that created and subsequently shaped the long-ridge yardangs in the northwestern Qaidam Basin 
can be attributed to a combination of the topographic obstacle created by the Altun Mountains and 
interactions between the descending air stream that passes over these mountains and the yardang 
bodies. Yardangs in the Qaidam Basin have developed under a high- and intermediate-energy wind 
environment, which differs from the environment in most Chinese sandy deserts or sandy lands, 
which are generally controlled by low- or intermediate-energy wind environments. 
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